Abstract. We describe a technique to package 15-m-diam singlemode fibers on a silicon substrate that can be incorporated into an endoscopic probe tip. The single-mode fibers in the array can be used in coherent imaging applications such as optical coherence tomography. Fiber-to-substrate and fiber-to-fiber coupling effects are studied using beam propagation techniques to determine the different design characteristics and the maximum length of the reduced diameter fiber that can be packaged in the probe tip. Single-mode fibers are etched to reduce the cladding diameter from 125 to 15 m. A 2-m-thick silica layer is grown in the silicon substrate to minimize the fiber-substrate coupling. Reduced diameter fibers are placed into a 5-mm by 150-m trench etched in a silicon-silica substrate and fixed with UV curable cement. Active alignment is used to ensure the correct alignment of fibers. The fiber array is experimentally evaluated to test fiber placement accuracy, throughput, and cross talk. Optical coherence tomography images are also obtained with the array.
Introduction
Optical coherence tomography ͑OCT͒ is an interferometric imaging technique that obtains microscale resolution images of subsurface tissue structure. 1 When optical fibers are used, the technique can be used in a flexible endoscopic probe for viewing within cavities of the body. In traditional OCT imaging systems, lateral scanning of the fiber probe is required to acquire an image. In some instances, the long acquisition time resulting from mechanical scanning can limit its use in clinical applications. One way to reduce the acquisition time is to replace mechanical scanning in the lateral dimension with electronic scanning through an array of small diameter single-mode fibers. For a system of this type, the diameter of the fiber determines the lateral image resolution and must be comparable to the resolution of a mechanically scanned system ͑ϳ15 m͒.
Several methods have been developed to fabricate fiber arrays, including V-groove platforms, 2,3 circular packed fiber arrays, 4 and fiber image guides. 5 These approaches are useful for making arrays with standard communication fibers or with reduced diameter fibers that are close packed in a 2-D array. However, standard communication fibers have a diameter that is approximately 10ϫ larger than that required for the parallel OCT array. The fibers used in a fiber image guide have the correct diameter for our application ͑ϳ15 m͒; however, to prevent cross talk between light signals transmitted in adjacent fibers, the fibers have a high NA ͑ϳ0.25͒. This makes the fiber VnumberϾ 2.405 and causes the fiber to be multimode. If the fiber is not bent, it can be used for OCT imaging, 5 but this is not practical for a flexible endoscope application. In a previous paper, 6 we demonstrated that it is practical to etch the tips of a standard communications grade single-mode fiber and to use it to obtain high quality OCT images. We tried packaging these fibers in a special purpose V-groove substrate; however, this approach proved very difficult. In this work, we present a new approach to packaging small diameter fibers that has proved viable for arrays with ϳ10 to 20 fibers. The resulting package is suitable for use in an OCT imaging system that can be deployed in a conventional 2-mm-diam endoscope.
Reduced Diameter Fiber
The desired 15-m-diam single-mode fibers are not readily available. Therefore, communication grade 125-m-diam single-mode fibers were etched to a 15-m-diameter. Only a small section ͑ϳ2 to 3 mm͒ of one of the fiber ends that will be placed in the array package needs to be etched, with the remaining fiber having a larger diameter. This is an advantage, as the small diameter is fragile.
Corning SMF-28 single-mode fibers 7 ͑Corning, New York͒ were selected for the array. This fiber is single mode at 1310 nm, has a core diameter of 8.2 m, a cladding diameter of 125 m, a core refractive index of 1.4517, and a cladding index of 1.447.
The fibers were etched using a buffered oxide etching ͑BOE͒ process described previously. 6 The basic procedure consists of stripping the plastic fiber covering, cleaving the ends, and suspending the fiber tips in a container with BOE solution. The etching process is linearly dependent on the time the fibers are immersed in the solution. The etch time was accurately controlled by attaching the fibers to a motorized stage and slowly withdrawing the fibers from the etching solution. The process was computer controlled and takes about 7.5 h to complete. The process allows multiple fibers to be etched at the same time, and the slow withdrawing process tapers the fiber. The taper improves the strength of the etched fiber sections. Figures 1 and 2 show the resulting etched fiber sections. The cross section of the etched tapered fiber is shown in Fig. 1 , and Fig. 2 shows a photograph of an etched fiber end against a calibrated square that is 25 m on a slide.
Design Simulations
The reduced cladding diameter of the etched fibers increases coupling effects between adjacent fibers and with the substrate in the array package. To determine the magnitude of this coupling and to set design parameters for the package, the coupling effects of the fibers within the array were modeled using beam propagation methods. 8 The primary design tradeoff was to determine how long the etched fiber section could be made before significant coupling effects took place. Power coupling of more than −30 dB to an adjacent fiber was considered unacceptable.
The etched fibers were mounted in a trench formed on a silicon substrate. Since the silicon substrate has a high refractive index ͑ϳ3.4͒, the fiber mode in the reduced cladding fiber can couple into the substrate. To minimize this effect, a 2-m silicon oxide layer with a lower refractive index of 1.447 was thermally grown on the silicon prior to positioning the fibers. The 2-m thickness is the value used in the simulations to represent the silicon oxide layer. After the fibers are positioned in the array, the fibers are cemented in place with a UV curable optical adhesive with a refractive index of 1.435. Therefore, this material surrounding the fibers was also simulated. A cross section of the configuration that was simulated is shown in Fig. 3 . The length of the etched fibers in the array used for the simulations is 3 mm.
Two simulation conditions were modeled. In the first case, light is launched into a fiber position near the middle of the array. This arrangement allowed the analysis of light coupling to adjacent fibers and to the silicon substrate through the oxide layer. In the second case, light is launched into a fiber located at the end of the array. This allowed monitoring of the optical power coupled into the side of the trench as well as to the substrate and the adjacent fiber.
The simulation monitors the distribution of power in the fiber core, cladding, and surrounding areas. The simulation results show that approximately 9 to 10% of the power launched into the fiber at the middle or edge of the array is transferred to the surrounding components of the array. The results also indicate that a significant percentage of power remains in the launched fiber and the adhesive surrounding the fibers, and approximately 0.09% of the power is transferred to the adjacent fiber. Since the fiber near the edge of the trench has more contact with the silicon oxide layer, more power is transferred to the silicon oxide from the edge fiber. No quantifiable power is transferred to the silicon substrate. Table 1 shows the results obtained in the simulations.
The simulations demonstrate that the fibers within the array are capable of transferring power with minimal loss, provided that the lengths of the reduced diameter fibers are no longer than 3 mm. 
Fiber Array Packaging
The small diameter and fragile nature of the fibers required a special assembly and alignment technique. This was accomplished by making a trench in a silicon substrate using the mask design shown in Fig. 4͑a͒ . The top of the trench is tapered from a width of 150 m to 1 mm over a distance of 5 mm, as shown in Fig. 4͑b͒ . The taper roughly matches the variation in diameter of the etched fibers and allows the fiber to lie relatively flat on the substrate. The pattern was etched to a depth of ϳ12 m, which was slightly less than the diameter of the fiber ͓Fig. 4͑c͔͒. Several trenches were obtained in one wafer and then precisely cut to separate the trenches. A cover glass was placed over the fibers to apply pressure and keep them aligned while they were cemented in place. After the fibers were positioned, a He-Ne laser was coupled into the nonetched ends of the fiber, and the output at the packaged end was monitored to verify that the fibers had a uniform height in the array. The fibers were then cemented in place with the adhesive OG134 manufactured by ÅngstromBond® ͑New Bedford, Massachusetts͒. This is a flexible UV cure epoxy with a refractive index of 1.447 after curing. Several arrays with up to 15 fibers were fabricated using this method.
After the cement cured, the array of fibers, cover glass, and substrate were cut with a dicing saw to provide a good quality surface ͑Fig. 5͒. The surface of the fiber array was then polished with polishing paper with 0.1-, 0.05-, and 0.03-mm grit size to obtain an acceptable optical surface. Figure 6 shows the end view of two arrays that were fabricated.
Fiber Array Testing and Evaluation
The fiber array was tested to evaluate the alignment and optical quality of the fibers. The nonmounted ends of the fiber were connectorized, allowing coupling to a He-Ne laser. Each fiber was illuminated in turn with a laser, and the output observed with a camera and measured with a detector. A zoom stereo microscope was used in combination with a Nikon 4500 digital camera to obtain the images shown in Fig. 6 . The figure shows two different arrays, one with eight fibers and a second with 15 fibers. In the 15 fiber array, the third fiber from the left edge lifted out of the array because the total length of the 15 fiber diameters was slightly larger than the width of the trench. This problem can be avoided in the future by increasing the width of the trench.
The power transmitted through the 12 adjacent fibers in this array that are accurately aligned was performed by attaching FP/APC connectors to the nonetched fiber ends and coupling light from a super luminescent diode ͑SLD͒ with an operating wavelength at 1310 nm. The transmission efficiency of each fiber exceeded 90%. A set of experiments was also performed on the fiber array to measure the light reflected back into the launch fiber and to adjacent fibers. This measurement provides an indication of how the array will perform in an imaging situation. Light reflected back into the launch fiber provides an indication of the signal strength, and light collected by adjacent fibers indicates the cross talk. Figure 7 shows the setup used to measure the back-reflected light to the launched fiber and to the adjacent fibers. The end of the fiber array was positioned next to a mirror so that the output from a fiber was reflected. Light reflected to the launch fiber was detected using detector A. Half of the returning light is detected, since it passes through a 3-dB coupler. Light reflected to the adjacent fibers is measured using detector B. The results obtained for all channels indicate that the back-reflected cross talk between adjacent fibers is less than −30 dB. Measurements of the cross talk between adjacent fibers using a 10% intralip scattering solution were also performed. 9 The results showed cross talk levels ϳ−14 dB between adjacent fibers.
The fiber array with eight fibers was also tested in an OCT imaging system. Since an array of lock-in amplifiers was not available to operate the system in parallel, a singlechannel OCT system was sequentially connected to each channel and the image reconstructed from the data. Figure   8 shows an image obtained of a contact lens with an assumed refractive index of 1.33. The horizontal axis is 8 ϫ 5 or 120 m, and the vertical scan depth is 1.0 mm. 1000 data points were collected for each depth scan. The geometrical thickness of the contact lens obtained with the OCT system was 220 m and was verified with micrometer measurements.
Conclusions
A novel procedure to package 15-m-diam single-mode etched fibers into a linear array is described. A shallow tapered trench, lithographically formed in a silicon substrate, guides the fibers into alignment. High transmission through the fibers and low signal cross talk are obtained for backscattered signals. Low coupling between fibers results as long as the length of the etched fiber sections is kept less than 3 mm. This can be accomplished by tapering the fiber ends, and also provides a more robust fiber for packaging.
The resulting single-mode fiber array is suitable for coherent imaging applications with a lateral image resolution of 15 m. 7 The compact dimension of the array package also makes it useful for endoscopic applications.
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